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Abstract
Objectives
To measure MTX polyglutamates in circulating erythrocytes (E-MTX), mononuclear cells (MNC-MTX) and
polymorphs (PMN-MTX) in rheumatoid arthritis (RA) patients and to see whether these correlated with clinical
efficacy and side effects.

Methods
Sxty-five patients (40F, 25M; mean age 57 yrs.) with RA (ARA revised criteria) who had been on weekly pulse MTX
(2.5 - 37.5 mg) for at least 2 months were entered into this study. The patients were classified asresponders (R),
partial responders (PR) or non-responders (NR) when blood was sampled for the MTX determination. Sde effects
since the initiation of MTX were also recorded. MTX-polyglutamates were measured (blinded to clinical details)
using an enzymatic assay.

Results
E-MTX in responders and partial responders were significantly higher (p < 0.001) than in non-responders. Smilarly,
PMN-MTX were also higher, but the difference was only significant for the R group (p = 0.0019). The differencesin
concentrations could not be explained on the basis of the dose, which tended to be higher in NRthaninR (p =
0.085). The concommitant prednisolone dose was significantly lower in Rthan in NR (p = 0.001), aswere the ESR
and CRP (p = 0.007, and p = 0.05 respectively), but the MCV was higher (p = 0.047). E-MTX tended to be higher in
patients with side effects, but this difference did not reach statistical significance (p = 0.15).

Conclusion
The results suggest that circulating intracellular levels of MTX polyglutamates in RBC and PMN correlate with
clinical efficacy but not with toxicity in patients with RA.
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Introduction

Methotrexate (MTX) is now widely used
in the treatment of rheumatoid arthritis
(RA) and increasingly in other chronic
inflammatory conditions (1). For RA
methotrexate is administered weekly in
low doses, usually between 7.5 - 20 mg
(1-3), although some patients fall out-
side this range for reasons that are un-
clear. While the factors determining an
individual’ s response to the drug or the
development of side effects are still not
completely understood, differencesin
dosage requirements are usually attri-
buted to individual differencesin phar-
macokinetics. Many factors are known
to influence the pharmacokinetics of low
dose methotrexate, including intrinsic
factors such as age, renal function and
variability in absorption from the bowel,
and extrinsic factors such as the co-ad-
ministration of methotrexate with food
or other drugs (4-6).

For anumber of drugs (e.g. cyclosporin
A, phenytoin, digoxin, and others) a
therapeutic plasma drug concentration
has been defined, and plasmalevel meas-
urement offers a useful tool to monitor
the dosage used to achieve therapeutic
efficacy and avoid side effects. On the
other hand attempts to correlate meas-
urements of the circulating levels of
methotrexate in the plasmawith the clini-
cal response following low-dose therapy
have not been successful. Thisisnot sur-
prising since using standard techniques
concentrations in the plasma are meas-
urable for less than 24 hours after the
administration of the low weekly doses
used in RA, while the onset and end of
their effects are usually delayed by a
matter of weeks (7).

One possible explanation for the delay
in the onset and end of the drug’ s thera-
peutic effect may be that the activity of
low dose methotrexate depends on the
level of tissue accumulation either of the
parent compound or of an active meta-
bolite and that the measurement of these
may be more relevant than the measure-
ment of plasmaMTX levels. Although
the mechanism of action of methotrex-
ate in RA and other chronic inflamma-
tory conditionsis not known (8), its ba-
sic action of inhibiting folate metabolism
is aso shared by its polyglutamate meta
bolites, which are stored in tissues in-
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cluding the liver, in circulating erythro-
cytes (9) and to alesser extent in circu-
lating leucocytes (10).

When methotrexate is taken up by these
cellsit is bound intracellularly to dihy-
drofolate reductase and is metabolized
to polyglutamate forms (11) and they,
like MTX, are potent inhibitors of dihy-
drofolate reductase (12). Whereas un-
changed methotrexate flows out of cells
relatively rapidly, the intracellular poly-
glutamate form persists and may lead to
the prolonged inhibition of dihydrofolate
reductase.

In erythrocytes, the half-life of the poly-
glutamate formed is about four to six
weeks, far greater than that of unchan-
ged MTX (13). MTX isincorporated in
the red blood cells (RBC) during eryth-
ropoiesis and is retained in the form of
MTX polyglutamates in the circulating
RBC pool, with a slow turnover (14).
After 6 to 8 weeks of an unchanged
weekly dose of MTX, a steady state ery-
throcyte MTX level (E-MTX) isreached
(15). Since E-MTX may reflect bone
marrow exposureto MTX, thismay turn
out to be a useful parameter for moni-
toring and adjusting the dose of MTX,
parallelling what isincorporated into and
retained by the cells, rather than moni-
toring plasmalevels to which the cells
are only transiently exposed.
Methotrexate exists in two formsin the
neutrophilsaswell, i.e. unchanged MTX
and the polyglutamate form. The latter,
which is slowly diffusable, has been
shown to be incorporated into myeloid
cellsin the bone marrow and reaches a
peak concentration in circulating neutro-
phils at about 7 days after a24 hr MTX
infusion (16). Thisisthe average time it
takes for cellsin the proliferating my-
eloid compartment to mature and be re-
leased into the circulation as neutrophils
@an.

Similarly, it has been shown that lymph-
oblasts in bone marrow samples obtained
from patients with acute lymphoblastic
leukemia (ALL) also have the ability to
accumulate MTX and MTX polygluta-
mates (18). In childhood acute lymphob-
lastic leukemia the concentration of
methotrexate polyglutamatesin erythro-
cytesisapredictor of relgpse, with higher
concentrations being associated with a
better prognosis (19).



With this background, methotrexate
polyglutamate levelsin circulating eryth-
rocytes and leucocytes were measured
in rheumatoid arthritis patients to test
whether these correlated with the clini-
cal response and side effects.

Patients and methods

Patients

To be dligible for the study, patients had
to meet the revised criteria of the Ameri-
can Rheumatism Assaciation for rheu-
matoid arthritis (20), and had to have
been receiving weekly pulse methotrex-
ate for at least 2 months. The dose of
methotrexate and that of other anti-rheu-
matic drugs had to have been stable for
at least one month.

Patient characteristics recorded at the
time of entry into the study included age,
sex, seropositivity for rheumatoid fac-
tor, methotrexate dose, and the dose of
any other anti-rheumatic or other drugs
being taken at the time of study.

Clinical and disease status assessment

The same treating rheumatol ogist clas-
sified each patient as a responder, par-
tial responder or non-responder at the
time of the study. His evaluation was
based on aphysician’sglobal clinical as-
sessment which included the patient his-
tory, joint examination and a compari-
son with the patient’s condition at an
earlier pointintime, i.e., acomparative
temporal assessment. The physician was
blinded to the results of the measure-
ments of acute phase reactants and meth-
otrexate levels (see below). The treating
clinician also recorded any side effects
with a definite or probable relationship
to methotrexate experienced since begin-
ning MTX. If more than one assessment
was recorded for a particular patient,
these had to be at least one month apart
and the dose of MTX and corticosteroid
had to be stable for that preceding month.
Other measures recorded at the time of
the study included a full blood count
(Coulter counter), ESR (Westergren), C-
reactive protein (CRP; Beckman Assay),
liver function tests (gamma-glutamyl
transferase (gGT), aspartate aminotrans-
ferase (AST), alkaline phosphatase
(ALP), total globulin and serum albu-
min) (Kodak Ektachem) and red cell fo-
late (Ciba-Corning ACS-180 analyzer).
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Intracellular methotrexate poly-
glutamates

At the time of each assessment an addi-
tiona 20 ml of whole blood was collec-
ted into a heparinized tube for the MTX
polyglutamate determination. Sampling
was made on the day of, but prior to the
next weekly dose when MTX was un-
detectable in the serum (3). Red cells,
mononuclear cells (MNC) (predomi-
nantly lymphocytes) and polymorpho-
nuclear leucocytes (PMN) were sepa-
rated within 24 hours of their collection
and prepared for an enzymatic analysis
of the MTX polyglutamate concentra-
tion. The assayist was blinded to each
patient’s clinical status and other meas-
ures.

The fresh blood (20 ml) collected in li-
thium heparin tubes was spun down to
obtain the plasma, which was stored in
polypropene tubes at -20° C. After re-
moval of the plasma, the blood was di-
luted with an equal volume of Hank’s
balanced salt solution (C.S.L, Mel-
bourne, Australia), layered onto Ficoll-
pague (Pharmacia, Uppsala, Sweden),
and centrifuged at 1750 rpm for 20 min-
utes at 18° to 20° C.

The mononuclear cell fraction (lymph-
ocytes and monocytes) was removed
from the buffer Ficoll interface and was
washed twice with phosphate buffered
saline (PBS) for 10 minutes a 1500 rpm.
After removal of the buffer, mononu-
clears and Ficoll paque, 3 ml of 6% Dex-
tran T-500 (Pharmacia, Uppsala, Swe-
den) and 10 ml of PBS were added to
thered cell-neutrophil layer and the tube
was left to stand at room temperature for
12 - 15 minutes.

The neutrophil layer was removed and
spun at 1750 rpm for 15 minutes, and
then purified via erythrocyte hypotonic
lysis to obtain more than 98% neutro-
phils, which were 99% viable as deter-
mined by trypan blue staining. Both the
neutrophils and mononuclear cells were
resuspended in 1 ml PBS and stored at -
20° C until analysis.

The remaining RBCs | eft after the plas-
ma, PMNs and MNCs were removed,
were washed three times with ice cold
0.9% NaCl and prepared for enzymatic
analysis.

The method used was adopted from both
Imbert et al. and Schroder et al. (21, 22).
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The erythrocytes were washed twice
with ice cold 0.9% NaCl and then hae-
molyzed in 3 volumes of water. The hae-
mosylate was boiled for 7 minutes, cen-
trifuged at 9000 x g for 15 min, and the
clear supernatant stored at -20°C until
analysed. Before analysisthe PMNs and
MNC were thawed, sonicated for 30 sec,
boiled for 7 min, and centrifuged at 9000
X g 15 min, and the clear supernatant was
used for the MTX measurements.
Aqueous and haemosylate MTX stand-
ards (0, 6.25, 12.5, and 25 ug/L) were
prepared from MTX powder (Sigma
Chemical Co., St. Louis, Mo., USA) dis-
solved in water and in haemosylate (1
vol of blood to 3 vol of water), respec-
tively. The working reagent was prepared
from 7 ml of TrisHCI (0.5 mol/L, pH
6.5), 3.5ml of KCI (1.5 mol/L), 0.85 mg
NADPH (tetrasodium sdlt, Sigma), 10 W
of bovine dihydrofolate reductase sus-
pension (EC 1.5.1.3, Sigma) and 15 mg
bovine serum abumin (Sigma). The start
reagent consisted of 25 mg of dihydro-
folic acid suspended in 5 ml of 5 mmol/
L HCI and 5 ml of 0.1 mmol/L 3-mer-
captoethanol, which was stored in 200
ul aigotes at -20°C. Before use each 200
Wl vial was diluted to 2 ml with tris HCL
(0.5 mal/L, pH7.2).

The method was adapted for a Cobas Bio
centrifuga analyser in which the follow-
ing settings were employed: sample vol-
ume 20 pl, diluent volume 10 pl, rea-
gent volume 125 yl, incubation time 60
sec, temperature 25°C, start reagent vol-
ume 20 Wl. The instrument measured the
absorbance at 340 nm 10 and 100 sec
after the addition of the starting reagent
and calculated the change of absorbance
in DE/min.

Satistical analyses

All data are expressed as means + SD.
Comparisons of the results between two
groups were made using either the un-
paired Student'st-test for normally dis-
tributed data or the Mann-Whitney U test
for data that were not normally distrib-
uted. Side effect rates were compared
using the 3 x 2 chi-square test. Correla-
tions between the MTX levels and con-
tinuous parameters were examined by
linear regression analysis. A Pvalue <
0.05 was considered to indicate statisti-
cal significance
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Table|. Concurrent medications for rheumatoid arthritis in the different response groups.

Response Category
Drugs Responders Partial responders Non-responders
(n=58) (n=28) (n=11)

Prednisolone 29 (50%) 14 (50%) 9 (82%)
Other second line agents

(hydroxychloroguine, sulphasalazine) 34 (59%) 16 (57%) 8 (73%)
NSAIDS (ibuprofen, naproxen,

diclofenac, ketoprofen, piroxicam) 20 (34%) 9 (32%) 5 (45%)
Folic acid 3 (5%) 2 (7%) 0

Results

Patient characteristics

Sixty-five patients, 40 females and 25
males (age 56.5 £ 11.3 yrs.; range 27 to
84 yrs.) with rheumatoid arthritis, who
had been on weekly pulse MTX (2.5 -
37.5mg) for at least 2 months were en-
rolled in the study. All were taking the
drug as asingle weekly oral dose except
one who received MTX by IM injection.
Four patients were omitted from the
study for the following reasons. one pa
tient misunderstood a dosage change and
inadvertently took an excessive dose of
MTX, while the remaining 3 patients
were not classified according to their
clinical response.

Patients in this study were also receiv-
ing one or more other agents that are
commonly combined with MTX for the
treatment of rheumatoid arthritis. These
included prednisolone, other second-line
agents (hydroxychloroquine, sulphasala
zine), NSAIDs (ibuprofen, naproxen, di-
clofenac, ketoprofen, piroxicam), and
folic acid. Table | givesthe number of
patients on concurrent medication in the

different response groups.

Since some of the patients were evalu-
ated on more than one occasion, at least
amonth apart, the number of data sets
exceeded the total number of patients.
Hence, atotal of 99 classification epi-
sodes were recorded for the 61 patients.
Theseincluded 59 classifications as re-
sponders, 29 as partial responders and
11 as non-responders at the times of
measurement of intracellular methotrex-
ate polyglutamate concentrations.

Drug response

There was atrend for non-respondersto
be on a higher dose of MTX than both
the responders and partia responders. At
the times of assessment the weekly dose
of MTX was 9.18 + 4.85 mg in the re-
sponders, 9.83 + 4.17 mg in the partial
responders and 11.14 + 4.79 mg in the
non-responders. The difference, how-
ever, was not statistically significant (p
= 0.085 and p = 0.348, respectively).
The concomittant daily dose of pred-
nisolone for the responders was 2.56 +
3.09 mg/day, for partial responders 2.39

+ 2.64 mg/day and for non-responders
6.14 + 3.60 mg/day. The differencein
dose between responders and non-re-
sponders and between partial respond-
ers and non-responders was statistically
significant (p = 0.001 and p = 0.001 re-
spectively).

The duration of treatment with MTX was
20.04 £ 15.83 months (range 2 - 65
months) in the responders, 13.10 + 8.41
(range 2 - 30 months) in the partial re-
sponders and 19.09 + 11.78 (range 2 -
33 months) in the non-responders. There
was no significant difference in the du-
ration of treatment between responders
versus partial responders (p = 0.081),
responders versus non-responders (p =
0.899), or partia responders versus non-
responders (p = 0.168).

The mean ESR and CRP for the whole
group were 17.6 + 15.0 mm/hand 7.3 +
8.8 mg/L, respectively. The WCC, PMN
and lymphocyte counts, platelet counts,
Hb, serum albumin, red cell folate and
MCV were8.2 + 2.6 x 109/L, 5.6 + 2.4 x
109/L, 1.9+ 0.7 x 109, 273.7 + 61.5x
109/L, 135+ 1.5¢g/dl, 41.3+ 3.1 g/L,
751.9 + 355.9 nmol/L and 88.3+ 7.3 fL
respectively.

Table |l givesthe results of blood counts
and measurements of acute phase reac-
tantsin relation to response. The ESR
and CRP were significantly lower in the
responders versus the non-responders (p
=0.007, p = 0.05, respectively); how-
ever the MCV was significantly higher
in the responders when compared to non-
responders (p = 0.047). PMN countsin
the responders were significantly lower
than in both the partial responders and
non-responders (p = 0.0094 and p = 0.05

Tablell.Results of acute phase reactants and blood counts, including red cell indices and abumin, estimated at the time of classification of
the patients according to their response to treatment with MTX.

Physician’s ESR Lymphocyte  Platelet Red cell
global Westergren CRP Hb Total WCC PMN counts counts counts MCV folate Albumin
assessment  (mm/hr)  (mg/L) (dL)  x10%cellsL x10%cellsl  x109cellsl  x109L (fL) (nmol/L) (glL)
Responders 158+ 141 46+37 136+15 74+23 50+23 18+0.6 261.1+540 89.3+80 717.7+3593 413+31
(n=56) (n=49) (n=56) (n=56) (n=43) (n=145) (n=56) (n=56) (n=44) (n=54)
Partial 16.1+105 11.2+123 135+14 88+21 6.4+19 22+08 2855+60.8 87.7+88 851.1+393.0 411+31
responders (n=29) (n=26) (n=29) (n=29) (n=20) (n=17) (n=29) (n=29) (n=21) (n=28)
Non- 311+224 132+121 129+14 89+33 71430 22+07 3044+831 862+56 670.0+£869 41.9+35
responders (n=11) (n=6) (n=11) (n=11) (n=7) (n=7) (n=11) (n=11) (n=7) (n=10)
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Tablelll.Intracellular MTX polyglutamate levels in patients receiving weekly doses of 2.5

M ethotrexate polyglutamatesin rheumatoid arthritis/ P. Angelis-Stoforidis et al.

to 37.5 mg for rheumatoid arthritis. The blood was taken at the time each patient was seen
and classified according to his/her response to treatment with methotrexate.

E- MTX MNC- MTX PMN - MTX
Response category (Mg/lL RBC) (pmol/10° cells) (pmol/10° cells)
Responders 27.69 + 8.68 203.38 + 320.04 300.12 + 326.08
(n=59) (n=47) (n=43)
Partial responders 23.15+ 10.62 107.97 + 145.96 167.11 + 214.35
(n=29) (n=17) (n=20)
Non-responders 9.76 £ 4.85 85.14 + 138.02 31.16 + 48.53
(h=11) (n=7 (n=7)

1pg/L =2.2 nmol /L

respectively). Similarly, responders had
significantly lower lymphocyte counts
than partial responders (p = 0.032), but
this difference did not reach statistical
significance when compared with the
non-responders (p = 0.07). Table |l also
givestheresults for haemoglobin, WCC,
platelet counts, red cell folate and serum
albumin. None of these measurements
differed significantly between groups.

Intracellular methotrexate poly-
glutamate

Theintracellular MTX polyglutamate
levelsin erythrocytes (E-MTX ug/L
RBC), mononuclear cells (MNC-MTX
pmol/109 cells) and polymorphs (PMN-
MTX pmol/10°9 cells) for the three
groups relative to the response are given
in Table I11. The number of estimations
for red cell MTX totalled 99, but fewer
measurements were done for the MNC
(n=71) and PMN (n=70) dueto the dif-
ficulty experienced in separating these
cells clearly in some of the samples.
Intracellular MTX polyglutamate con-
centrationsin the RBC of responders and
partial responders were significantly
higher (p = 0.000) than in the non-re-
sponders. Similarly, both responders and
partial responders had higher levelsin
the PMN than the non-responders, but
this difference was only significant for
the responders (p = 0.0019). A similar
trend was seen in the concentrationsin
the MNC, but these were not signifi-
cantly different between the groups.
E-MTX was higher in patients with nor-
mal MCV (80 - 96 fl) than in those with
low MCV (< 80fl) (25.10 £+ 10.84 ver-
Sus 16.92 + 6.97 pg/L. RBC respectively)

(p=10.03). Smilarly, EEMTX was higher
in patients with above normal MCV (>
96 fl) than in those with below normal
MCV (< 80fl) (25.0 + 8.77 versus 16.92
+ 6.97 ug/L RBC respectively) (p =
0.046) (Fig. 1).

Linear regression analysis showed no
significant correlations between E-MTX
and the ESR (p = 0.633), CRP (p =
0.357), Hb (p=0.947), MCV (p=0.742),
red cell folate (p = 0.478) or liver en-
zymes, gGT (p = 0.056), AST (p =
0.882), or ALP (p = 0.117). Similarly,
there was no correlation between E-
MTX and the PMN counts (p = 0.814),
between the PMN-MTX concentration
and the PMN counts (p = 0.118), or be-
tween the MNC-MTX concentration and
either the total WCC (p = 0.438) or the
lymphocyte counts (p = 0.717).

There was, however, asignificant corre-
lation between the PMN-MTX concen-

tration and the total WCC (r = 0.243, p
=0.048) (Fig. 2). Analysis of these re-
sults without the single significant outlier
which was present (one patient had a
much higher PMN-MTX concentration)
yielded similar correlations (r = 0.235,
p = 0.059).

Linear regression analysis of E-MTX in
relation to the weekly dose of MTX with-
out the outlier (one patient was on a
much higher dose of MTX) showed no
correlation between the MTX dose and
E-MTX (r = 0.049, p = 0.635). However,
there was atrend towards a positive cor-
relation between E-MTX levelsinre-
sponders and the weekly dose of MTX,
although this did not reach significance
(r=0.217, p=0.086) (Fig. 3).

There was no correlation between the
weekly dose of MTX and PMN-MTX (r
=0.175, p=0.109) or MNC-MTX (r =
0.107, p = 0.377).

Sde effects

Side effects since the initiation of MTX
were recorded in 13 of the 58 respond-
ers and included sore lips (2 patients),
mouth ulcers (1 patient), nausea/vomit-
ing (2 patients), hair loss (1 patient) and
abnormalities of liver function necessi-
tating dosage reduction or cessation (7
patients).

Of the 28 partial responders, 11 devel-
oped side effectsincluding nauseain one,
mouth ulcersin 3, nausea/mouth ulcers
in 2, and abnormalities of liver function
in 5. Out of 11 non-responders only one
developed side effects (sore lips). The

p= 0979

p= 0.03

E-MTX (ug/l. RRC)

80-86 <80

Fig. 1. EEMTX levelsin pa-
tientswith either normal MCV
(80- 96l), bdlow norma MCV
(< 80 fl), or above normal
MCV (> 96fl).

>9€

Mean corpuscular volume (MCYV) (fl)
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Total WCC (x 10° cells/L)

0 200 400 600

800 1000 1200 1400 1600 1800 2000

9
PMIN-MTX (pmol /10 cells)

Fig. 2. Scattergram of the mean white cdll countsin relation to thelevels of PMIN-MTX (r = -0.243, p= 0.048).

0r

E-MTX pg/l. RBC

10 T

Fig. 3 E-MTX levelsin respondersin relation to the weekly dose of MTX, without the outlier (r=0.217, p=

0.086).

10 15
Responder Dose (mg/week)

20

E-MTX concentration (ug/L. RBC)

Fig. 4. EEMTX concentrations in one patient who took an overdose, having misunderstood our ingtructions.
She devel oped severe mucositis reguiring hospital admission, i.v. fluidsand folinic acid rescue. Ord methotrexate
was re-dtarted on day 34 a aweekly dose of 2.5 mg. The "normal" range (mean + 2 SD) given isthat obtained

from the responders and partia responders.

25
DAYS AFTER TAKING MTX OVERDOSE

38
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rate of development of side effectsin the
responders and partial responders com-
pared to the non-responders was not sig-
nificantly different (c2 = 4.615, df = 2,
p=0.10)

Theintracellular concentrations of MTX
polyglutamates in patients with or with-
out side effects attributed to MTX were
also compared. There was no significant
differenceinthe levels of E-MTX (p =
0.15), PMN-MTX (p = 0.44) or MNC-
MTX (p =0.39) in patients with or with-
out side effects.

One patient who was unclassified and
therefore not included in the above ana-
lyses, misunderstood a dosage change,
and took too high adose of MTX. This
necessitated hospital admission due to
severe oral mucositis, abdominal pain
and diarrhoea requiring treatment with
parenteral fluids and folinic acid. MTX
was re-started after full recovery, on day
34, at aweekly oral dose of 2.5 mg.
Intracellular MTX polyglutamate levels
on days 15, 25 and 39 post-dose were
71.20, 42.68 and 37.12 pug/L RBC
(156.64, 93.90 and 81.66 nmoles/L
RBC) in erythrocytes (E-MTX); 461.9,
102.65, 263.97 pmol/10° cellsin mono-
nuclear cells (MNC-MTX); and 318.96,
109.99 and 0 pg/L pmol/109 cellsin
polymorphs (PMN-MTX), respectively.
E-MTX in the toxic patient were above
the mean + 2 SD of the E-MTX concen-
tration (26.19 + 19.10 ug/L) of the re-
sponder group as awhole (responders
plus partia responders) two weeks after
the overdose (Fig. 4). Her levels of
PMN-MTX and MNC-MTX were al-
ways within the range observed in the
rest of the patients.

Discussion

Our findings show that in rheumatoid
arthritis, methotrexate polyglutamate
levelsin the erythrocytes of patients who
were assessed as having responded or
partialy responded to the drug were sig-
nificantly higher than in patients who
were assessed as having failed to re-
spond. There was a weaker correlation
with the levels in polymorphs and no
correlation with the levels in mononu-
clear cells. The poor correlation with
polymorphs as opposed to erythrocytes
may be due to the more rapid turnover
of polymorphs, which have a haf-life of



about 8 hours (23) compared to the ery-
throcytes which remain in the circula-
tion for 2 to 3 months (15). The relative-
ly weak correlation with polymorphs
may also be dueto the differencesin pro-
liferation and maturation times of the
myeloid bone marrow cells, which are
known to vary widely (24).

Although more stringent criteria for the
response rates could have been used,

(e.g., the ACR response criteria) treat-

ment decisionsin clinical medicine, par-
ticularly in patients with RA, are usu-
ally made based on global clinical as-
sessments. In our study the physician’s
evaluation was based on clinical assess-
ments which included a patient history,

joint examination and a comparison with
an earlier assessment of the patient’s con-
dition. In addition, the stratification of

the subjects into their respective groups
was made at the time of the study by the
same treating rheumatol ogist to elimi-

nate observer bias.

In childhood ALL, Schmiegelow et al.

(19) showed that the MTX polygluta-

mate levelsin erythrocytes correlate with
the clinical response and prognosis.

M ethotrexate polyglutamate levelsin
erythrocytes were found to be a predic-

tor of relapse, with higher concentrations
being associated with a better progno-
sis.

In some respects the correlation of MTX

polyglutamatesin the red cells with the
clinical response in RA and childhood
ALL resembles the correlation of HbA1¢
in red cells with long term glycaemic
control in diabetes. Just as HbA 1 reflects
red cell exposure to plasma glucose, E-

MTX reflects bone marrow exposure to
serum MTX. SinceMTX isincorporated
into red cell precursors (erythroblasts) in
the bone marrow (25), it has been sug-
gested that the erythrocyte MTX con-
centration reflects bone marrow drug ex-
posure, as well as the ability of the RBC
line to form polyglutamates (15, 26, 27)
since only immature cells polyglutamate
folic acid or MTX.

In mammalian cells, especially in the
circulating erythrocytes and to a lesser
extent in the circulating leucocytes,

MTX is stored in the form of polyglu-
tamate derivatives which are both active
and quite long-lived. Methotrexate poly-
glutamates, particularly those with more
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than three glutamy! residues, are retain-
ed in the cells longer than MTX, thus
providing a mechanism by which MTX
polyglutamates produce delayed or pro-
longed effects (28-31).
MTX-polyglutamates inhibit not only
dihydrofolate reductase (10), but also
other folate-requiring enzymes that are
not substantially inhibited by MTX, in-
cluding thymidylate synthase (32) and
the transformylases required for de novo
purine synthesis (33, 34). Studies per-
formed by Allegra and coworkers (33),
and subsequently by Baggott et al. (34)
demonstrated that the enzyme that was
inhibited most effectively by MTX poly-
glutamates was 5-aminoimidazol e-4-
carboxamide ribotide (AICAR) transfor-
mylase. A blockage at this step in the
pathway of purine-nucleotide biosyn-
thesis leads to the intracellular accumu-
lation of 5-aminoimidazol e-4-carbox-
amide (AICA) riboside and ribotide.
Since AICA riboside directly inhibits
adenosine deaminase (ADA) and AICA
ribotide inhibits adenosine monophos-
phate (AMP) deaminase, the intracellu-
lar accumulation of these compounds
could lead to the respective release of
adenosine or AMP (which is converted
by 5 -nucleotidase to adenosine) into the
extracellular space (34). Adenosineis
thought to mediate at least some of the
anti-inflammatory effects of low-dose
MTX (35).

A recent publication by Baggott et al.
(36) showed a strong correlation between
urinary AICA and AICAR levels and the
response to MTX in adjuvant arthritis.
Thisis consistent with prior proposals
that the accumulation of intracellular
AICAR metabolites leads to the thera-
peutic effects of MTX (35, 37).

Both MTX and MTX polyglutamates
also inhibit a number of intracellular
folate-dependent reactions, including the
methylation of homocysteine to methio-
nine. The conversion of homocysteine
to methionineis required for the genera-
tion of s-adenosyl-methionine, which
acts as the proximal methyl donor to
RNA, DNA, proteins and phospholipids,
aswell asin the synthesis of polyamines.
Inhibition of these transmethylation re-
actions by MTX may inhibit the cellular
synthesis of polyamines which accumu-
late in the synovium of patients with RA
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and which may contribute to joint de-
struction in this disease (35).

During treatment with MTX for RA,
MTX polyglutamates accumulate intra-
cellularly in the erythrocytes, MNC and
PMN with large inter-individual varia-
tions at any particular dose. Severa rea
sons could underlie this observed vari-
ability between patients, including vari-
able compliance, variable absorption or
metabolism, and a hepatic first-pass ef-
fect. Nevertheless, in our study the lev-
elsin responders and partia responders
were significantly higher than in those
who failed to respond. The differences
in the circulating intracellular levels of
MTX polyglutamates in the different re-
sponder groups could not be explained
by the MTX dose or by the duration of
treatment with MTX. In fact, there was
atrend for the dose of MTX to be higher
and for the duration of treatment to be
shorter in non-responders. The concom-
mitant prednisolone dose was signifi-
cantly lower in the responders than in
the non-responding group, further con-
firming the relationship between disease
suppression and E-MTX. Similarly, the
acute phase reactants correlated with the
clinical assessment and response to the
drug.

Linear regression analysis showed no
correlation between the weekly dose of
MTX and E-MTX. However, since the
doses used in this study were quite low,
especially in the non-responders, it is
possible that with higher weekly dosing
levelsamore clear relationship between
E-MTX and dose could emerge. The cor-
relation of E-MTX levels with the mean
corpuscular volumeis consistent with the
anti-folate effect of MTX and its poly-
glutamates and resembles that seen with
sulphasalazine.

Since MTX polyglutamates are incorpo-
rated into the RBCsin the bone marrow,
there may be atime delay between E-
MTX levels and adverse effects. Any
toxicity after beginning MTX treatment
therefore has to be considered, and not
merely the toxicity at the time of the as-
sessment, which may be months after the
incorporation of the MTX polygluta-
mates. No significant correlation with
side effects was found, although there
was atrend for levelsto be higher in
patients with side effects. One patient
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who accidently took too much MTX had
E-MTX levels almost twice the upper
limit observed in the rest of the patients.
She developed severe life-threatening
mucositis.

The measurement of E-MTX levelsin
patients with rheumatoid arthritis poten-
tially offers a method for monitoring
their responseto MTX. Evenin the pre-
sence of largeinter-individual variations,
awide therapeutic range may till be de-
fined. If the individual under good dis-
ease control consistently exhibits E-
MTX levelsin the upper region of the
therapeutic range, this patient may ben-
efit from drug concentration measure-
ments, as afall to the lower region may
be associated with impaired control.
Conversely, awell controlled patient at
the lower end of the spectrum may ex-
hibit toxicity when hisE-MTX concen-
tration rises. Thus, each patient may
show a desirable narrow therapeutic
range applicable to him/her as an indi-
vidual, but this range for the group asa
whole may be wide. Non-compliance
may also be detected and levels beyond
the upper limit may also be of value.

Acknowledgment

Wewould like to thank Dr. L. Clemens
and Clinical Associate Professor P. Ryan
for allowing usto study their patients.

References

1. WEINBLATT ME: Methotrexate for chronic
diseasesin adults. N Engl J Med 1995; 332:
330-1.

2. WEINBLATT ME, COBLYN JS, FOX DA et al.:
Efficacy of low-dose methotrexate in rheuma
toid arthritis.N Engl J Med 1985;312:818-22.

3. Methoblastin. In THOMAS J(Ed.): Australian
Prescription Products Guide. Hawthorn, Vic.,
Australian Pharmaceutical Publishing Com-
pany Limited, 1998: 1770-4.

4. CHRISTOPHIDIS N: Methotrexate. Clin Rheum
Dis 1984; 10: 401-15.

5. ChRISTOPHIDISN, DAWSON TM, ANGELISP,
RYAN PFJ: Effect of age on methotrexate clear-
ance in patients with rheumatoid arthritis. Aust
NZ J Med 1994; 24: 422.

6. PINKERTON CR, WELSHMAN SG, GLASGOW
JFT, BRIDGES JM: Can food influence the ab-
sorption of methotrexate in children with acute
lymphoblastic leukemia? Lancet 1980; I1:
944-6.

7. COSOLO W, DRUMMER OH, CHRISTOPHIDIS
N: Comparison of high-performance liquid
chromatography and the Abbott Fluorescent
Polarization Radioimmunoassay in the meas-
urement of methotrexate. J Chromatogr 1989;
494: 201-8.

8. KREMER JM: The mechanism of action of me-
thotrexate in rheumatoid arthritis: The search

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

continues. J Rheumatol 1994; 21: 1-5.

. HENDEL J, NYFORS A: Pharmacokinetics of

methotrexate in erythrocytes in psoriasis. Eur
J Clin Pharmacol 1984; 27: 607-10.
SCHRODER H: In vivo methotrexate kinetics
and metabolism in human hematopoietic cells.
Dan Med Bull 1990; 37: 22-40.

BAUGH CM, KRUMDIECK CL, NAIR MG:
Polygammaglutamyl metabolites of metho-
trexate. Biochem Biophys Res Commun 1973;
52: 27-34.

JACOBS SA, ADAMSON RH, CHABNER BA,
DERR CJ, JOHNS DG: Stoichiometric inhibi-
tion of mammalian dihydrofolate reductase by
the g-glutamyl metabolite of methotrexate, 4-
amino, 4-deoxy- N10- methylpteroylglutamyl-
g-glutamate. Biochem Biophys Res Commun
1975; 63: 692-8.

SCHALHORN A, SAUER H, WILMANNS W,
STUPP-POUTOT G: Pharmacokinetics of ery-
throcyte methotrexate after high-dose meth-
otrexate. Cancer Chemother Pharmacol 1982;
9: 65-9.

SCHRODER H: Methotrexate pharmacokinet-
icsin age-fractionated erythrocytes. Cancer
Chemother Pharmacol 1986; 18: 203-7.
SCHRODER H, CLAUSEN N, OSTERGAARD E,
PRESSLER T: Pharmacokinetics of erythrocyte
methotrexate in children with acute lymphob-
lastic leukemia during maintenance treatment.
Cancer Chemother Pharmacol 1986; 16: 190
193.

SCHRODER H: Methotrexate kineticsin mye-
loid bone marrow cells and peripheral neu-
trophils. Cancer Chemother Pharmacol 1987;
19: 42-6.

CRONKITE EP: Kinetics of granulocytopoi-
esis. Clin Haematol 1979; 8: 351-70.
WHITEHEAD VM, ROSENBLATT DS, VUCH-
ICH MJ, SHUSTER JJ, WITTE A, BEAULIEU D:
Accumulation of methotrexate and methotrex-
ate polyglutamates in lymphoblasts at diag-
nosis of childhood acute lymphoblastic leu-
kemia: A pilot prognostic factor analysis.
Blood 1990; 76: 44-9.

SCHMIEGELOW K, SCHRODER H, GUSTAF-
SSON G et al.: Risk of relapse in childhood
acute lymphoblastic leukemiais related to
RBC methotrexate and mercaptopurine me-
tabolites during maintenance chemotherapy.
Nordic Society for Pediatric Hematology and
Oncology. J Clin Oncol 1995; 13: 345-51.
ARNETT FC, EDWORTHY SM, BLOCH DA et
al.: The American Rheumatism Association
1987 revised criteriafor the classification of
rheumatoid arthritis. Arthritis Rheum 1988;
31: 315-24.

IMBERT AM, PIGNON T, LENA N: Enzymatic
assay for methotrexate with a centrifugal ana-
lyzer (Cobas-bio). Clin Chem 1983;29:1317-8.
SCHRODER H, HEINSVIG EM: Enzymatic as-
say for MTX in erythrocytes. Scand J Clin
Lab Invest 1985; 45: 657-9.

SCHRODER H: Methotrexate in neutrophilsin
children with acute lymphoblastic leukaemia.
Cancer Chemother Pharmacol 1987; 19: 339-
42.

KILLMANN SA, CRONKITE EP, FLIEDNER
TM, BOND VP: Mitotic indices of human bone
marrow cells. I11. Duration of some phases of
erythrocytic and granulocytic proliferation
computed from mitotic indices. Blood 1964;

320

25.

26.

27.

28.

29.

30.

31

32.

33.

35.

36.

37.

24: 267-80.

DA COSTA M, IQBAL MP: The transport and
accumulation of methotrexate in human eryth-
rocytes. Cancer 1981; 48: 2427-32.
SCHMIEGELOW K, SCHRODER H, PULCZYN-
SKA MK, HEJL M: Maintenance chemothera-
py for childhood acute lymphoblastic leu-
kemia: Relation of bone-marrow and hepato-
toxicity to the concentration of methotrexate
in erythrocytes. Cancer Chemother Pharma-
col 1989; 25: 65-9.

SCHRODER H, FOGH K: Methotrexate and its
polyglutamate derivatives in erythrocytes dur-
ing and after weekly low-dose oral methotrex-
ate therapy of children with acute lymphob-
lastic leukemia. Cancer Chemother Pharma-
col 1988; 21: 145-9.

ROSENBLATT DS, WHITEHEAD VM, VERA N,
POTTIER A, DUPONT M, VUCHICH M-J: Pro-
longed inhibition of DNA synthesis associ-
ated with the accumulation of methotrexate
polyglutamates by cultured human cells. Mol
Pharmacol 1978; 14: 1143-7.

GALIVAN & Evidence for the cytotoxic activ-
ity of polyglutamate derivatives of methotrex-
ate. Mol Pharmacol 1980; 17: 105-10.

FRY DW, YALOWICH JC, GOLDMAN ID:
Rapid formation of poly-g-glutamyl deriva-
tives of methotrexate and their association
with dihydrofolate reductase as assessed by
high-pressure liquid chromatography in the
Ehrlich ascites tumor cell in vitro. J Biol Chem
1982; 257: 1890-6.

JOLIVET J, CHABNER BA: Intracellular phar-
macokinetics of methotrexate polyglutamates
in human breast cancer cells. Selective reten-
tion and less dissociable binding of 4-NH»-
10-CH 3-pteroylglutamate, and 4-NH»-10-
CH3-pteroylglutamates to dihydrofolate re-
ductase. J Clin Invest 1983; 72: 773-8.
ALLEGRA CJ, CHABNER BA, DRAKE JC,
LUTZ R, RODBARD D, JOLIVET J: Enhanced
inhibition of thymidylate synthase by meth-
otrexate polyglutamates. J Biol Chem 1985;
260: 9720-9726.

ALLEGRA CJ, DRAKE JC, JOLIVET J, CHAB-
NER BA: Inhibition of phosphoribosyl-amino-
imidazol ecarboxamide transformylase by me-
thotrexate and dihydrofolic acid polygluta-
mates. Proc Natl Acad Sci USA 1985; 82:
4881-5.

. BAGGOTT JE, VAUGHN WH, HUDSON BB:

Inhibition of 5-aminoimidazole-4-carbox-
amide ribotide transformylase, adenosine de-
aminase and 5'-adenylate deaminase by poly-
glutamates of methotrexate and oxidised
folates and by 5-aminoimidazol e-4-carbox-
amide riboside and ribotide. Biochem J 1986;
236: 193-200.

CRONSTEIN BN: Molecular therapeutics.
Methotrexate and its mechanism of action.
Arthritis Rheum 1996; 39: 1951-60.
BAGGOTT JE, MORGAN SL, KOOPMAN WJ:
The effect of methotrexate and 7-hydroxy-
methotrexate on rat adjuvant arthritis and on
urinary aminoimidazole carboxamide excre-
tion. Arthritis Rheum 1998; 41: 1407-10.
CRONSTEIN BN, EBERLE MA, GRUBER HE,
LEVIN RI: Methotrexate inhibits neutrophil
function by stimulating adenosine release
from connective tissue cells. Proc Natl Acad
Sci USA 1991, 88: 2441-5.



